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Following molt, the major tasks which confront the crustacean are growth of
the soft tissues and the continued accretionary growth and hardening of the skeleton
by deposition of mineral salts therein. In spiny lobsters of 80-89 mm. carapace
length, weight stability is not achieved untit 28-35 days following molt (late Stage
C) (Travis, 1954). This is a period at which the skeleton is fully hardened, water
content is normal, and presumably growth of the tissues is fairly stable. During
the early postmolt period, however, when rapid accretionary growth and calcifica-
tion of the skeleton are occurring, marked changes are observed in the hepato-
pancreas and integumental tissues. Accordingly, the present paper will be con-
cerned with those marked changes in the hepatopancreas and integumental tissues
which occur concomitantly with the development and calcification of the post-exuvial
layers of the skeleton.

MATERIALS AND METHODS
Animals

Male and female spiny lobsters ranging in carapace length from S0-89 mum. were
obtained and handled as previously described (Travis, 1954).

Designation of stages in the molting cycle

Stages of the molting cycle were designated by time intervals, in days, as previ-
ously described (Travis, 1955a) and by the method of Drach (1939). For
Panulirus argus, Stage A through C encompasses a period of approximately 51 days
during the summer months. Stage A, immediately following molt and the stage
in which the principal layer begins to be deposited, has a duration of approximately
24 hours or one day. Stage B, beginning calcification, continued thickening of the
principal layer and preliminary hardening of the skeleton, is approximately six days
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Figs. 1-6.
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m length, existing from two through seven days following molt. Stage C, a stage
in which the principal layer and the new membranous layer are completed and in
which the skeleton is completely hardened, is the longest period of the molting cycle
(44 days). existing from approximately the eighth day through the fifty-first day
following molt.

Histological and histochewniical methods

For the histological and histochemical studies, pieces of integument and integu-
mental tissues were removed from the carapace of Panulirus (see Figure 1; Travis,
1955a) on each of eight consecutive days following molt. Likewise the right pos-
terior lobe of the hepatopancreas was removed on each of seven consecutive days
following molt. Tissues from three animals were used to represent each of these
days with the exception of the first, fourth, and eighth day following molt for the
integumental tissues. In these cases, tissues from one animal were used.

Most integumental tissues were embedded in celloidin and cut at 10 p.  The pos-
terior lobe of the hepatopancreas was embedded in paraffin and cut at 8 u, with the
exception of hepatopancreatic tissues fixed and embedded for lipid detection.

Portions of the integument and hepatopancreas fixed in Helly’'s and alcoholic
Bouin's fluid were stained by the following methods:

1. Mallory's triple stain

2. Periodic acid Schiff (PAS) of McManus, as described by Lillie (1948)

3. Bensley and Bensley's method (1938), for demonstrating muco- or glycoprotein
by means of toluidine blue (see Travis, 1955a).

For detection of calcium deposits, portions of the skeleton were fixed in nine
parts of 95% alcohol and one part of 40% formaldehyde, and were stained with
the following:

1. Mallory’s triple stain
2. Schmorl's purpurin (Lillie, 1948)

Ficure 1. A reserve cell, “mulberry”-like in appearance, of the sub-epidermal connective
tissne from an animal three days following molt. Note lumpy or stainable balls of material
(arrow) of mucopolysaccharide as well as calcium. 800 X.

Ficure 2. Large oval reserve cells of the hepatopancreas showing the presence of large
vacuoles (arrows), some of which contain flaky or granular-like stainable material while
others appear clear, a condition observed from five through seven days following molt and
possibly correlated with a marked decrease in mucopolysaccharide and calcium. 800 X.

Ficure 3. X-ray diffraction photograph taken of dry powder obtained from triturated
pieces of the area of softening. The presence of calcite lines reveals that calcium carbonate is
present in the spiny lobster skeleton as calcite, not aragonite or amorphous calcium carbonate.

Ficure 4. Glycogen distribution in the epidermis of the outer integument and sub-epidermal
connective tissue at one day postmolt. Note small number of glycogen granules localized in
the proximal half of the outer epidermal cells. At this same time abundant amounts are
concentrated at the bases of the epidermal cells of the inner integument. 760 X.

IFrcure 5. Note that at two days postmolt glycogen has completely disappeared from the
epidermis of the inner integument and is not observed again in this tissue during the entire
postmolt period. 760 X.

Frcure 6. The heavy concentration of glycogen observed in the distal half of the outer
epidermal cells during a period of two through four days following molt. Little glycogen at
this time is present in the sub-epidermal connective tissue. 760 X.
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3. Alizarin red S (Mamgault, 1939)

4. Von Kossa's method (Lillie, 1948). Before following this procedure, tissues
were washed in 5% aqueous KNO, for five minutes or more to remove the
chloride present.  With Von Kossa's method, the silver from the silver ni-
trate is precipitated as phosphate on the surface of calcium phosphate granules.
The silver phosphate is reduced in the presence of light to metallic silver,
forming a black crust on the surface of calcium phosphate granules. Mallory
(1942) states that calcium carbonate granules become coated with silver
carbonate, which in sunlight gives off CO, and leaves a black silver oxide on
the surface of these granules. These reactions may not occur in the presence
of organic substances (Lison, 1953) nor in the presence of quantities of chlo-
ride (Lee, 1946).

Parts of the epicuticle, pigmented layer and principal layer appear either
black or brown with Von Kossa's method. Cameron (1930) pointed out that
the most recent calcium deposits in teeth appear dark brown by this method,
while the older calcified layers appear lighter brown. Some calcified areas,
he noted, did not stain at all. Tt should be pointed out that this method has
the great advantage over alizarin and purpurin in that it enables one to visu-
alize calcium deposits in granular form. It is, therefore, excellent for the de-
tection of skeletal deposits whereas the latter methods are not.

5. Microincineration (Scott, 1933) was used to confirm the presence of calcium de-
posits detected by the stains mentioned above. The white calcium ash under
dark-field illimination appeared in the same areas as indicated by the stains.
To confirm this as being calcium ash, the gypsum test was used.

For detection of calcium in the hepatopancreas, tissues were fixed in the
same fashion as the integumental tissues and were stained with alizarin red S.

For detection of alkaline phosphatase, integumental and hepatopancreatic tis-
sues were fixed in cold 80% alcohol, and embedded in paraffin. Alkaline phospha-
tase was determined by the method of Gomori (1941). Control sections were made
using the incubating medium without added substrate. This method is extremely
useful for the detection of calcium deposits. In control sections which do not
show the presence of alkaline phosphatase, calcium deposits, if present, show up
remarkably well.

Only the hepatopancreas was used for the detection of lipids. Portions of the
tissue, in this case, were fixed in 10% neutral formalin and were imbedded in car-
bowax (method of Blank and McCarthy, 1950). cut at 10 and 135 p and stained for
lipids with Sudan black B.

OBSERVATIONS
Tue Postaort ANIMAL (STAGE A AND B)
1. The integument and integumental tissies
a. Tissues

During the early post-cedysial period (Stage A and B) pieces of exoskeleton
with attached integumental tissues were removed from the lateral portion of the
carapace (see Iig. 1; Travis, 1955a). The lateral portions of the carapace of
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Crustacea, as one will recall, are folded in such a way that there is an outer epi-
dermis and integument, (the outer integument being in contact with the surround-
ing sea water) as well as an inner epidermis and integument (the inner integument
facing the gills, in contact with the sea water in the hranchial chamber). Sections
of the exoskeleton with attached integumental tissues indicate that the epidermal
cells of the outer integument remain extremely long and attenuated and indeed fibril-
lar in nature. This condition is similar to that observed in the late premolt ani-
mal. The markedly fibrillar nature of the outer epidermis, however, is apparent
in all stages of the molting cycle. Nuclei in these epidermal cells of the outer
integument are central (Fig. 4) whereas those of the inner integument are more
distal in location (Fig. 5). The inner epidermal cells, also somewhat fibrillar in
nature, remain about half the length of the outer epidermal cells during all stages
of the molting cycle (see figures from Travis, 1953a).

Both the outer and inner epidermis, during the early postmolt period (Stage A
and B), show a gamma metachromasia (pink-purple) with toluidine blue, indicating
the presence of a glyco- or mucoprotein. The presence of phosphatase, glycogen,
and calcium in these tissues during the early post-molt period will be discussed in a
subsequent section of this paper.

As was pointed out (Travis, 1953a), the sub-epidermal connective tissue is of
a loose spongy type.

The large oval reserve cells, described as *‘protein cells” by Cuénot (1893) and
resembling Leydig Cells, Type T (Kiikenthal, 1926-1927), constitute by far the
most prominent and most interesting cell types within this sub-epidermal connec-
tive tissne. These reserve cells vary greatly in structural appearance during the
molting cyele.  When storing reserves they become greatly swollen and may take
on a “mulberry’” appearance (Fig. 1). When devoid of reserves they may de-
crease in size with their vacuoles becoming clear or containing flaky or granular-
lilke stainable material. Since the reserve cells are found within the tissue spaces
among other Leydig cells, they should not, perhaps, be considered as permanent
structures within this tissue. This has become somewhat clearer from the work
of Sewell (1955), in which he points out that the origin of these reserve cells,
which he calls “lipo-protein cells,” in Carcinus is from amoebocytes and that pos-
sibly they revert to amoebocytes following molt. This suggestion could account
for their cyclic peaks and declines in size and abundance, and changes in structural
appearance at daily intervals during the early postmolt period of Panulirus, as indi-
cated below.

For the sake of comparison, the reserve cells in intermolt animals (late Stuge C)
constitute the most prominent cell-types within the connective tissue. They are
large oval cells, vesicular in nature, with a capsule-like envelope of cytoplasm and
a peripheral nucleus (see figures; Travis, 1955a). They range in size from 24-
51 p with an average size of 32 . After alcoholic Bouin's fixation they stain blue-
gray with Mallory's triple stain, the vacuoles in this case containing blue-gray flaky
or granular-like material; with the PAS method the entire cell is a deep pink-
purple color; with toluidine blue these cells stain either blue-gray or green-gray.
After A=F (alcoholic formaldehyde) fixation they similarly stain blue-gray with
Mallory’s triple stain, but do not stain with alizarin red S, purpurin or the Von
Kossa method. With these three latter stains the reserve cells could be easily
overlooked.
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Similarly, for the sake of comparison reserve cells in premolt animals (Stage D)
range in size from 30-51 p with an average size of around 40 u. Structurally, they
maintain their oval appearance but stainable material within the cells is lumpy and
might well be described as consisting of rather discrete spheres (Fig. 1). After
alcoholic Bouin's fixation, the cells again stain blue-gray with Mallory's but do not
show clearly the speres of stainable material; with PAS they again stain deep pink-
purple and show clearly the discrete balls of material; with toluidine blue the balls
of material are yellow-green in color and refractile in nature. Following A-IF fixa-
tion, the cells again fail to stain with alizarin red S, purpurin and the Von Kossa
method.

From one through seven days following molt (Stage A and B), the reserve cells
appear to undergo cyclic peaks and declines in size and abundance, and the storing
of reserves.

At one day following molt (Stage A) the reserve cells remain approximately
the same size as those observed in the premolt animal, a range in size from 32—
48 w and an average size of 36 x. However, there would appear to be a slight de-
crease in number. Following alcoholic Bouin's fixation, they stain in much the
same fashion as that observed in the premolt animal, although the spheres of stain-
able material are not as apparent. They fail to stain, following A-F fixation, with
the same stains mentioned in the premolt animal.

On the second day following molt (beginning of Stage B) the reserve cells
have greatly decreased in number and size. They range in size from 12-29 u with
an average of around 19 p.  When observed, their vacuoles are clear and vesicular,
lacking the lumpy balls of material, with the exception of very small spheres at their
periphery. They stain in a similar manner to those observed on the first day with
the exception of the fact that a few show a very small number of calcium granules
after the Von Kossa method.

On the third dav the reserve cells again are present in great numbers, compara-
ble to the condition ohserved in the premolt animals. They range in size from
32-45 p with an average size of around 38 u, which compares favorably with the
average size observed in the pre- or intermolt animal. The reserve cells at this
time take on an irregular “mulberry’ appearance by enclosing large stainable spheres
of material within their vacuoles (Fig. 1). Further, their staining properties
change markedly. Following Bouin's fixation, they again stain blue-gray with
Mallory's, deep pink-purple with PAS and yellow-green with toluidine blue.
Following A-F fixation, they stain for the first time, a brilliant orange-red with
Mallory's scarlet with alizarin red S and purpurin, and yellow-brown with Von
Kossa's method. This indicates that not only is muco-polysaccharide, possibly
muco- or glycoprotein, bound by these cells at this time but that they are filled
with caleium, which is distinctly apparent with stains used for this purpose.

Interestingly enough. by /e fourth day the reserve cells are hardly apparent.
The large stainable balls of material are lacking and the few cells present are smaller
in size, ranging from 19-29 ;. with an average size of about 26 p. In the few ap-
parent cells, there is little evidence of either mucopolysaccharide material or calcium.

On the fifth day, these cells again reach a peak in abundance and size. With
all stains and fixatives used, they are similar in every way to the three-day condition,
with the exception of the fact that the mucopolysaccharide present stains only
faintly with PAS, possibly indicating a decrease in concentration of the muco-
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polysaccharide material or the unavailability of its reactive groups to PAS. The
cells range in size from 29-42 , with an average of around 34 p, are “mulberry-
like" in appearance, and are again filled with calcium which shows up after appropri-
ate fixation and staining.

By siv days, the cells are fewer in number, somewhat smaller (range 17-27 p,
average 23 p). but similar in staining properties to the fifth-day condition.

On the seventh day (end of Stage B) the cells are few in number but are some-
what larger in size (35-40 p, average about 37 p), and are detected after Bouin's
fixation and toluidine blue staining and following A-I* fixation and Mallory's, ali-
zarin red S, purpurin, and Von Kossa's method, indicating again that these cells
are loaded with calcium.

By eight days following molt (beginning of Stage C), the reserve cells are again
not apparent.

It 1s, therefore, evident that the reserve cells even within the early postmolt pe-
riod, Stage A and B, undergo, at daily intervals, cyclic peaks and declines in size
and abundance, changes in structural appearance. and staining properties. The
polysaccharide material which is distinctly evident up to the fifth day following
molt 1s always diastase-fast and colors deep pink-purple with PAS but does not show
gamma nietachromasia with toluidine blue.  Pearse (1953) has suggested that poly-
saccharide material staining in this way with PAS and frequently failing to show
gamma metachromasia with toluidine blue probably indicates the presence of either
a muco- or glycoprotein. As has been mentioned previously (Travis, 1955a) the
reserve cells of late Stage C and Stage D animals stain with PAS in the same man-
ner. This polysaccharide material probably represents reserve substances for the
new skeleton and may, as was pointed out by Travis (1955a), during the premolt
period represent breakdown products from the old skeleton.

None of the integumental tissues of Panulirus, unfortunately, were fixed for the
detection of lipids.  As was pointed out by Travis (1955a) the reserve cells within
the connective tissue of the hepatopancreas contain much lipid and it would like-
wise be expected that the reserve cells of the sub-epidermal tissue also store it.
Sewell (1955) has definitely shown that these reserve cells beneath the connective
tissue of Carcinus do indeed store lipoprotein. These lipoprotein reserves reach
a maximum in C, (late Stage C) and early D (D;) and then begin to decrease, ap-
parently as lipid content of the epidermis increases. These cells, as Sewell sug-
gests, begin to disappear after the pre-exuvial layers of the skeleton are deposited
and completely disappear by the end of Stage B. However, reserve cells of
Panulirus become filled with calcium on the third, fifth, sixth, and seventh day fol-
lowing molt whereas on the first, second, and eighth day either no calciim or very
little was apparent in the reserve cells. This would suggest to the present author
cyclic peaks 1 calcium storage alternating with cyclic release to the epidermis as.
calcification of the skeleton occurs. The present author would expect this cyclic
process (peaks and declines in size and abundance, changes in structural appearance,
and calcium binding and release) to continue throughout early and middle Stage C,
since calcification of the skeleton is not fully completed for at least three weeks fol-
lowing molt. 1f, therefore, the reserve cells arise from amoebocytes, as Sewell
(1955) suggests, and possibly revert to amoebocytes after they have discharged
their reserves, such a situation could clearly account for the cyclic peaks in size
and abundance at varying daily intervals within a single stage of the molting cycle.
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In this sense, the present author would be inclined to accept Sewell's suggestion
that the reserve cells represent phases of activity of the amoebocyts with peaks not
only before molting, as Sewell suggests, but following molt as well. The reserve
cell cycle would then correspond more closely with the oenocyte cycle, being present
throughout the molting cvele but reaching peaks at various phases of it. It might
be pointed out that days in which reserve cells are scarcely apparent (2, 4, and 8
days following molt), large numbers of amoehocytes are apparent in the sub-epi-
dermal connective tissue.

b. The integument

During the early postmolt period (Stage A and B) the post-exuvial layers of the
skeleton are deposited. Of the post-exuvial layers of the outer integument, only
the principal layer or calcified zone is progressively thickened during Stages A
and B.

The amount of skeletal material, in total thickness, deposited per day, in the
area of carapace from which sections of the integument were cut, during Stages A
and B, varies from 14-72 p with an average of around 38 p.  The thickness of the
principal layer when fully formed varies from around 460-550 . in animals used
in this investigation (80-89 mm. carapace length). If one assumes that a con-
stant amount of skeletal material 1s deposited daily in the principal layer, for exam-
ple 38 pu, one can, by using this figure and the total thickness of the fully formed
principal layer, roughly calculate the time in days when this layer is completed.
By using these values, the calculated time at which the principal layer is completed
would be around 15 days following molt. This time, however, is in actuality closer
to 20 days following molt. Therefore, the membranous or non-calcified layer would
not apparently begin to be deposited before the third week following molt (Stage
C, of Drach, 1939). By the fourth week following molt (late Stage C or C, of
Dracli) the membranous layer is fully formed (Travis, 1955a).

The pigmented layer (toluidine blue-staining) shows the presence of a muco-
or glycoprotein one through five days following molt but by the end of this period
the tinctorial properties of this layer have decidedly changed. A deep purple
rather than a pink-purple is given with this stain, indicating that the properties of
the protein and closely associated chitin units of the pigmented zone have been
changed by quinones. The newly formed principal layers initially show a green
coloration with toluidine blue but shortly take on a pink coloration. The mem-
branous layer, when fully formed, is light green in color with toluidine blue, pos-
sibly indicating differences in the organic nature or composition of this and the
principal layers

The inner integument, hordering the gill chamber, undergoes little if any thick-
ening after the sccond day following mott. It attains a total thickness of approxi-

mately 30 p, that of a late Stage C animal, by the second day following molt, indi-
cating that the inner incegument is completed during a period of three days preced-

ing molt and two days following mott (Travis, 1955a).
As the post-exuvial layers are deposited during the early postmolt period (Stage
A and B). concomitant hardening of these layers occurs by the deposition of mineral

salts therein. It is evident from the analyses of small pieces of the area of soften-
ing (Travis, 1955h) that the most abundant mineral constituent in the exoskeleton
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is calcium. In order to determine what salts were deposited in the skeleton, further
chemical analyses were carried out on the entire area of softening from late Stage
C animals. The results of these analyses are indicated in Table I. From these
results it is apparent that most of the calcium present in the skeleton is in the form
of calcium carbonate. In order to determine whether this is deposited in the or-
ganic matrix of the skeleton as amorphous calcium carbonate or as crystalline arago-
nite or calcite, x-ray diffraction photographs (kindly made by Dr. C. Frondel, De-
partment of Minerology, Harvard University), were taken of dry powder obtained
from triturated pieces of the area of softening. These photographs (Fig. 3) indicate
that calcium carbonate exists in the spiny lobster skeleton as calcite.

Since the basic organic components of the crustacean exoskeleton are chitin and
protein, which are firmly associated with one another, Trim (1941), Stacy (1943)
and Haworth (1946) regard the arthropod cuticle as a mucopolysaccharide because
of the firm combination of carbohydrate-containing amino sugars (chitin) with the
protein. Further, since calcium is the most abundant, if not the most important,
mineral constituent within the crustacean skeleton, an emphasis will be placed on
the abundance and distribution of glycogen, phosphatase, and calcium in the integu-
mental tissues. These three constituents, among others, are of extreme importance
in the development and calcification of the new skeleton.

c. Localization of glvcogen, phosphatase and calcium

Glycogen: At one day following molt (Stage A), glycogen granules are scat-
tered throughout the sub-epidermal connective tissue. Abundant amounts are
concentrated at the bases of epidermal cells of the inner integument while the epi-
dermal cells of the outer integument show little glycogen, which is localized in the
proximal half of the cells (Fig. 4). .

On the second day following molt, glycogen completely disappears from the
mner epidermis (Fig. 5) and is not observed again in this tissue during the entire
postmolt period. From two through four days following molt, little glycogen 1s ap-
parent in the sub-epidermal connective tissues. Much heavier concentrations, on
the other hand, are observed in the distal half of the outer epidermal cells (Fig. 6).
By the fifth day glycogen accumulates in large amounts in the sub-epidermal tis-
sues while the outer epidermis becomes almost depleted of it (Fig. 7). From the
strth through the seventh day most of the glycogen disappears from the sub-epi-
dermal connective tissue and moves again to the outer epidermis where it is heavily
concentrated in the distal portion of this tissue.

Phosphatase: Alkaline phosphatase becomies localized in the outer epidermis,
being more heavily concentrated in the distal rather than the proximal half of the
cells. Furthermore, the enzyme 1s heavily concentrated in the integument immedi-
ately above the epidermis (Fig. 8). It appears to be concentrated at this site in
the region of the proximal portions of the innumerable pore canals. The localiza-
tion of phosphatase in these sites is evident on the first day following molt, before
calcification of the branchial integument begins, and remains i this localization
throughout Stages A, B and very early C. [n addition to its presence at these sites
alkaline phosphatase is observed rather evenly distributed in the reserve cells during
the entire period of observation. Control treated sections indicate that not only
the enzyme but calcium as well are present in all of these sites from the second
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through the eighth day, although purpurin and alizarin red S did not show the
presence of calcium within the reserve cells before the third day following molt. Tt
might also be pointed out that the enzyme is likewise heavily concentrated around
newly developing bristles.

Caletwm: Calcification of the new outer integument of the branchiostegites begins
on the second day following molt (Stage B). Before calcification begins, however,
the epidermis begins to concentrate calcium in markedly evident amounts (detectable
by purpurin, alizarin red S, Von Kossa's method, Gomori's (1941) method for
alkaline phosphatase and confirmed by microincineration). Before discussing the
calcification of the skeleton the author would like to point out that of these methods
used for the detection of calcium, Von Kossa's method and Gomori's (1941)
method for alkaline phosphatase are the most useful for showing actual stages in
caletfication of the integument. Furthermore, these two methods show calcium
salts or complexes in granular form,

At one day following molt and one day before calcification of the integument
begins, the distal ends of the epidermal cells begin to show calcium. No reserve
cells of the integumental tissues, as will be recalled, bind calcium at this time.

By the second day, the distal portions of the epidermal cells are filled with
caletum. The tissue spaces or sinuses at the base of the epidermis and the blood
channels, sometimes observed between the epidermal cells, show the presence of
calcium. Although only a few reserve cells are apparent, a few show scattered
granular deposits of caleium. At this same period a narrow band of calcium gran-
ules appears i the new principal layer immediately distal to, but paralleling, the
epidermis (Fig. 9). Likewise, immediately underlying the epicuticle and within
the pigmented zone a heavy concentration of rows of granules is observed.

By the third day the epidermal cells as well as the reserve cells of the sub-epi-
dermal counective tissue are completely filled with calcium (Figs. 10, 11) detected
by all methods used for this purpose. The heaviest concentrations of calcium gran-
ules in the epidermis are observed in the distal half of the cell. Here they are ob-
served to be extruded from the distal ends of the epidermal cells in two distinct ways
(Travis, 1951a, 1951¢). As the post-exuvial layers are deposited. masses of cal-

F1cure 7. At five days following molt glycogen has disappeared from the outer epidermis
but is heavily concentrated by the sub-epidermal connective tissue. 760 X.

Ficure 8. Omne day postmolt, before calcification begins in the branchial integument.
Localization of alkaline phosphatase in the distal portion of the outer epidermis and in the
integument immediately above the epidermis (region of the proximal portions of the innu-
merable pore canals, arrows). Phosphatase remains concentrated here through Stages A, B
and early C. 420 %,

Froure 9. At two days postmolt calcification of the integument begins. Note that the
distal portions of the outer epidermal cells (E) are filled with calcium and the narrow band
of calcium granules (arrow) which appear in the newly forming principal layer immediately
distal to, but paralleling, the epidermis. 2000 X. Van Kossa's method.

Ficure 10. By the third day postmolt the epidermal cells (arrow) and the reserve cells
(arrow) of the sub-epidermal commective tissue are filled with calcium. 90 X.

Ficure 11. Higher magnification showing that the epidermal cells (E) and reserve
cells (R) of sub-epidermal connective tissues, at three days postmolt, are filled with calcium.
Note lumpy stainable balls of material in the reserve cells. 760 X. Alizarin red S staining.

Ficure 12.  As the post-exuvial layers are deposited (three days following molt) masses of
calcium granules are simultaneously extruded from the epidermal cells (E) to form narrow
calcified bands paralleling the epidermis (arrow). 2000 X. Van Kossa's method.
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cium granules are simultaneously extruded to form narrow bands paralleling the
epidermis (Fig. 12). In the pre-exuvial layers of the skeleton, deposited before
molt, calcium granules are observed in uniform vertical rows. These rows of
granules are particularly evident in the pigmented layer (Fig. 13) and can be seen
to emanate from the epidermis (Fig. 14). The rows of granules correspond in lo-
cation to the pore canals or vertical striae. Calcification of the pre-exuvial layers
occurs after their formation. Hence, calcium has to be transported and deposited
some distance from the epidermis. This transport, therefore, appears to occur
through the pore canals.

EFrom four through seven days calcium in the epidermis remains equal in amount
to that observed on the third day.

Calcification continues to occur as the post-exuvial layers are deposited. As a
consequence, the horizontal bands of granules paralleling the epidermis have thick-
ened considerably by the end of Stage B (Fig. 15). By the seventh day portions
of the inner integument are completely calcified. Calcification of the inner integu-
ment appears to occur in an identical fashion to that observed in the pre-exuvial
layers of the outer integument.

2. The hepatopancreas
a. Tissues

The hepatopancreas, as discussed by Travis (1955a), is the major storage depot
of organic and mineral reserves during Stage D and is, consequently, the major or-
gan from which these reserves are mobilized when needed by other tissues during
the postmolt period.

For five days following molt (Stage A and part of Stage B), the epithelial tis-
sue of the hepatopancreatic tubules is predominantly of the absorbing type. This
epithelial tissue consists of long tall columnar cells without large vacuoles and
which may have either a central or basal nucleus (the so-called B, or R cells of
Hirsch and Jacobs, 1928, 1930) as discussed by Travis (1955a). A few of the
epithelial cells are of the secretory type (the vesicular or B, cells of Hirsch and
Jacobs). These are enlarged swollen cells which enclose large vacuoles, some of

Figure 13. In the pre-exuvial layers of the skeleton, deposited before molt, calcium
granules are observed in uniform vertical rows corresponding in location to the pore canals.
2000 >. Von Kossa's method.

Freure 14, Note narrow vertical rows of calcium granules, corresponding in location to
the pore canals (arrow) emanating from the epidermis (E). Also note the rather wide band
of calcium granules (C) in a newly formed portion of the principal zone paralleling the epi-
dermis. 2000 X. Von Kossa's method.

Ficure 15. Horizontal bands of calcium granules paralleling the epidermis (E) con-
tinue to he deposited as the post-exuvial layers are deposited and a thick calcified band (C)
in the new principal layer is noted by the end of Stage B. 2000 . Von Kossa's method.

Ficrre 16. By seven days following molt (end of Stage B) the epicuticle (arrow) and
most of the pigmented layer (P) appear to be fully calcified except in certain areas where this
is not complete. 2000 X. Von Kossa's method.

Fioure 17. Note the heavy concentration of glycogen at the basal and distal ends of
the absorption cells and at the periphery of the vacuoles of secretory cells in the tubular epi-
thelium of the hepatopancreas. One day following molt (Stage A). 200 X.

Fioure 18. At seven days following molt (end of Stage B) the tubular epithelium of the
hepatopancreas is virtually devoid of glycogen. 200 X.
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which contain stainable material. These cells (Travis, 1955a) undergo apocrine
breakdown in Panulirus. Their vacuolar contents plus adjacent cytoplasm are
discharged into the lumen of the hepatopancreatic tubules, leaving only the
basal region and nucleus of the cell intact. However, none of these observed se-
cretory cells, during this period of five days following molt, show any sign of apo-
crine breakdown. This would be expected because the animals are still under-
going a period of inanition (Travis, 1954, 1955a, 1955h). Stainable material in
the large vacuoles of the secretory cells frequently indicates the presence of lipid and
mucopolysaccharide.

By the sixth and seventh day following molt, the predominant cell types ob-
served in the epithelial tissue of the tubules are the secretory cells.  On the seventh
day there is much evidence of apocrine secretion within these cells. In general,
most animals begin to feed again on the seventh day. This would not only ac-
count for the numerous secretory cells but also for the apocrine breakdown of many
of these cells.

The large oval reserve cells are likewise apparent in the connective tissue be-
tween the individual tubules of the hepatopancreas. They similarly show, as do
the reserve cells of the integumental tissues, the presence of phosphatase, mucopoly-
saccharide and calcium. DNluch lipid is also present during Stage A and B. From
the fifth through the seventh day the reserve cells of the hepatopancreas show the
presence of large vacuoles (Fig. 2), some of which contain flaky or granular-like
stainable material while others appear to be clear. This is possibly correlated with
a decrease in mucopolysaccharide, lipid, and calcium content in these cells. The
reserve cells of the hepatopancreas, like those of the integumental tissues, undergo
cyclic peaks and declines in size and abundance, changes in structural appearance,
and the storing and apparent release of reserves as indicated below.

During the intermolt period (late Stage C) they are numerous and large,
ranging in size from 17-38 p with an average size of 30 p. They show markedly
evident amounts of mucopolysaccharide. A similar situation prevails during the
premolt period. The cells range in size from 17-38 p with an average size of 32 p
and show large stainable spheres of material. At both of these stages much muco-
polysaccharide is present. Calcium is likewise apparent in large amounts in the
hepatopancreatic reserve cells, while the integumental tissue reserve cells are de-
void of it during these periods.

By the first day following molt, there are few reserve cells present in the hepato-
pancreas and these have undergone a general decrease in size (8-29 pu, average size
16 p), a situation opposite to that observed in the integumental tissues. Of the
reserves, however, little calcium seems to he apparent and there is no evidence of
spheres of material found within them. On the second day (beginning of Stage B)
the cells remain few in number but have increased in size (range 24-38 pn. average
size 31 p), again a situation opposite to that observed in the integumental tissues,
although no large spheres of material are evident. They again show the presence
of small amounts of calcium. At thiree days, as in the integumental tissues, the
reserve cells become numerous and remain large (range 2448 p, average size 30 p).
They take on a distinct “mulberry” appearance and show the presence of mucopoly-
saccharide and markedly evident amounts of calcium. A similar situation prevails
on the fourth day. The cells in the hepatopancreas remain numerous and large
(range 26-43 p, average size 35 u) and likewise show abundant mucopolysaccharide
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and calcium. By the fifth day few cells are apparent and they are slightly smaller
in size (21-48 p, average size 28 p). These cells hecome highly vacuolated, al-
though some balls of material are present within the vacuoles, and show only a
slightly pimnk coloration with PAS, a condition similar to that observed in the re-
serve cells of the integumental tissues. Little calcium is apparent. Except for the
increase in number and slight increase in size (29-38 p, average size 32 p) the re-
serve cells on the sirth day remain similar to the fifth day condition though they con-
tain large single vacuoles with no stainable halls of material. They remain numer-
ous on the scventh day but the average size is slightly smaller (24-32 u, average
size 29 u). Except for these changes they are similar to the fifth day condition with
respect to reserves. It should be added that at all stages of the observation period,
phosphatase and lipid are present.

Since different groups of animals were used for the study of hepatopancreatic
and integumental tissues (fixed in different years), it is difficult to determine
whether or not the cycles may be slightly out of phase at the sites of observation.
The information at hand (Sewell, 1955; Travis, 1955a) strongly suggests that
much more information is needed on these highly interesting and obviously impor-
tant reserve cells.

b. Localization of glvcogen, phosphatase, calcium and lipid

Glycogen: Although the concentration of glycogen within the tubular tissue on
the first day following molt (Fig. 17) would compare with the premolt condition
(see Figure 30; Travis, 1955a), there is a progressive decrease in abundance from
the first through the seventh day. A decidedly marked decrease occurs by the sixth
day and by the seventh day hardly a single granule of free glycogen can be detected
within the tubular tissue (Fig. 18). During Stages A and B, glycogen is more
heavily distributed in the distal and basal ends of the absorption cells. When ma-
ture secretory cells are observed during the carly phase of Stage B, glvcogen gran-
ules are localized at the periphery of the vacuoles and are sometimes observed
within the lumen of the tubules.

The disappearance of glycogen from the hepatopancreas by the seventh day
might be expected hecause of the need of this constituent in the syvnthesis of the
new skeleton. The integumental tissues, among others, therefore, accumulate and
use large amounts of glvcogen at the expense of the hepatopancreas. This is evi-
dent in both the premolt and postmolt period.

Phosphatase: During the early postmolt period alkaline phosphatase is almost
absent from the striated horders of the tubular tissue but remains localized around
the calcospherites (Fig. 19), which disappear progressively as calcification of the
skeleton occurs. From the sixth through the seventh day when many large se-
cretory cells are present, the enzyme is localized around the periphery of small and
large secretory vacuoles. It is at all times present in the reserve cells.

Calcium phosphate: As in the premolt animals, the tubular epithelium of the
postmolt animal is marked by the presence of innumerable calcospherites in the
apical ends of the absorbing cells, very few being apparent in the small number of
secretory cells. In the postmolt animal, however, these calcospherites disappear
progressively as the skeleton is calcified. They have markedly decreased by the
fifth day and by the seventh day (Fig. 20) hardly a single calcospherite can he de-
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Ficure 19. The tubular epithelium of the hepatopancreas at one day following molt
(Stage A). Note alkaline phosphatase localized around innumerable calcospherites (arrow)
at the apical ends of absorbing cells. 200 X.

Ficure 20. At seven days following molt, note that there is almost a complete absence

of calcospherites and the enzyme alkaline phosphatase in the tubular epithelium of the hepato-
pancreas, a situation that occurs progressively as the integument is calcified. 160 X.
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tected. The complete disappearance of the calcospherites by the seventh day would
be expected in Panulirus because these animals have to rely completely on this
stored phosphate, stockpiled during the two-week premolt inamtion period, as a
source of phosphate for incorporation into the new skeleton. Since, as was pointed
out previously (Travis, 1954, 1955a, 1955)), phosphate is obtained primarily from
food, the stockpile of stored phosphate in the hepatopancreas would readily be
depleted by the sixth or seventh day of starvation following molt. From low
blood values following molt ( Travis, 1955h) it is evident that the normal intermolt
blood concentration within the body would not be replenished for at least three or
four weeks following molt. Although the reserve cells of the hepatopancreas show
the presence of calcium from one through seven days following molt, from the fifth
through the seventh day little is apparent.

Lipid: For the entire observation period (Stages A and B) droplets of lipid
are found throughout the epithelial tissue of the hepatopancreatic tubules. There
would appear, by the sixth and seventh day, to be a decrease over that observed in
the premolt animal, although much is still apparent. When secretory cells are ap-
parent in great numbers (6 and 7 days) lipid droplets are frequently observed
within the vacuoles (Figs. 21, 22). On the seventh day, when apocrine breakdown
is evident, and when some of the animals begin to feed a little, lipid material be-
comes quite apparent within the lumen of the tubules, a condition which would be
correlated with extracellular digestion of this constituent, as Van Weel (1955) has
shown.

The reserve cells contain considerable quantities of lipid for the entire postmolt
observation period (Fig. 23). There does appear to be a decrease over that ob-
served during the intermolt (late Stage C) and the premolt period. Because of the
presence of considerable quantities of lipid within the hepatopancreas at this time,
a histochemical or a qualitative difference in amount is difficult, with certainty, to
detect.

DiscussioN

The continued accretionary growth and hardening of the post-exuvial layers of
the skeleton imposes upon the epidermis two major tasks, namely the synthesis and
elaboration of the organic matrix and the simultaneous or accompanying elaboration
of constituents for hardening the skeleton which may or may not alter the proper-
ties of the basic organic components, chitin and protein. The complexities of
these two functions cannot he over-emphasized. Althongh the epidermis takes
the lead in the performance of these tasks. the importance of other tissues. such
as the hepatopancreatic and subepidermal tissues, cannot be under-estimated.

As the principal layver of the skeleton in Panulirus is deposited during the early
postmolt period of observation (Stages A and B). the onter epidermis shows, tine-
torially, that considerable amounts of a glyco- or mucoprotein are concentrated or

Ficure 21. The distribution of lipid droplets within secretory cells of the hepatopancreas
(arrows). The secretory cells become apparent in great numbers at six and seven days fol-
lowing molt. 200 <.

Ficure 22. Seven days following molt. Note lipid droplets (arrow) within the vacuoles
of the secretory cells and within the lumen of the tubules (arrow). 200 X.

Ficure 23. Note that considerable quantities of lipid are bound by the reserve cells (ar-
rows) of the hepatopancreas. 100 .
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synthesized by this tissue.  Similarly, during Stage A and most of B, the pigmented
layer, one of the two pre-exuvial layers formed before molt, shows the presence of
this same mucopolysaccharide. By the fifth day the pigmented layer no longer in-
dicates a positive reaction for this constituent. There is a tinctorial change from
gamma metachromasia (pink-purple) to beta metachromasia (deep purple) with
toluidine blue, which indicates that the properties of the basic organic components,
chitin and protein, have been altered. Possibly this is caused by considerable
impregnation with calciwm salts at this time or, more certainly. by quinones which
form cross-linkages with the native protein phase of the cuticle (Pryor. 1940).
The net result of this combination is the formation of a highly stable and insoluble
product.  As Krishnan (1951) pointed out, the tanning by quinones of the pig-
mented layer occurs in Carcinus maenas shortly following molt and this is followed
by pigmentation at a slightly later period. [t is, therefore, possible that both of
these related processes are completed by the fifth day in Panulirus, thus causing
this change in tinctorial properties.

The presence of muco- or glycoprotein in the epidermis for the entire postmolt
observation period (Stages A and B) is doubtlessly related to the secretion and
development of the principal layer, which is the only post-exuvial layer deposited
during this period. This layver, like the pre-exuvial pigmented layer and post-
exuvial membranous layer (formed and completed from the third through the fourth
week following molt in Panulirus), consists as in insects of the basic organic com-
ponents, chitin and protein, which are closely associated with one another. The
firm combination of these two organic constituents has led Trim (1941), Stacy
(1943) and Haworth (1946) to regard the arthropod cuticle as a mucopolysac-
charide because of the firm combination of the carbohydrate-containing amino
sugars (chitin) with the protein. Richards (1951) has pointed out that the con-
sideration of the arthropod cuticle as a double set of layers (the outer set being
composed of lipoprotein and the inner set being composed of glyco- or mucopro-
teins) is advantageous. This consideration emphasizes that the major cuticular
components seem to be formed and secreted as conjugated proteins and not as
separate components.

The principal layer in Panulirus always shows, tinctorially, the presence of
muco- or glycoproteins with the exception of the fact that immediately after each
layer is deposited a green, rather than a pink, coloration with toluidine blue occurs.
This suggests that the reactive groups are slightly altered following their immediate
formation.  Although the early stages in the formation of the membranous layer
were not followed, the completed layer, in contrast to the principal layer, shows a
green rather than a pink coloration, which indicates that this layer is, in some way,
different from the principal layer. This is further revealed by the fact that calcium
salts are never bound in this layer.

During the deposition of the principal layer of the outer integument glycogen
accumulates in large amounts in the epidermis. There is a periodic shift of gly-
cogen from the sub-epidermal tissues to the outer epidermis (Travis, 1951a, 1951,
1955a) and in turn a shift from the hepatopancreatic tissues to these integumental
tissues (see Observations). During the postmolt period of accumulation and
utilization of glycogen by the integumental tissues (Stages A and B), hepatopan-
creatic glycogen progressively disappears. Although it is abundant in the tubular
tissue on the first day following molt, there is a marked decrease in glycogen by the
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fifth day and hardly a single granule of free glycogen is present by the seventh day.
The rhythmical accumulation by, and disappearance of, glycogen from the sub-
epidermal tissues and similarly its accumulation by the epidermal cells and disap-
pearance from the sub-epidermal tissues suggests a rhythmical cycle of accumula-
tion and utilization in the epidermis, at the expense of sub-epidermal tissue gly-
cogen. Likewise, the rhythmical accumulation of glycogen by the sub-epidermal
tissue and progressive disappearance from the hepatopancreas similarly suggests
that there are marked cycles of accumulation and utilization. These cycles of ac-
cumulation and utilization stem from the epidermis, which takes the lead in the
elaboration of the post-exuvial layers of the integument, but also involves the hepato-
pancreas, which serves as the major storage organ from which such reserves can
be mobilized and upon which the epidermis is ultimately dependent for the success-
ful completion of its tasks.  Since feeding begins on the seventh day following molt
in the summer months, a constant supply of glycogen would be available to the epi-
dermis until the integument is completed (late Stage C), but is not stockpiled in the
hepatopancreas again until Stage D. The stockpiling of glycogen during this period
of inanition would suggest strongly that the source of this constituent is from the
large quantities of lipid reserves, likewise present in the hepatopancreas at this
time. By the conversion of some lipid, through its glycerol moiety, to carbohydrate,
the latter being stored as glycogen, the peak glycogen concentration could be
achieved during Stage D. As was pointed out by Travis (1955a), evidence sug-
gests (Renaud, 1949) that during periods of inanition (Stages D, A and B), lipids
likewise serve as a major source of energy by playing a principal role in oxidative
metabolism.

The periodic accumulation and utilization of glycogen by the epidermis as the
post-exuvial layers are deposited suggests that glycogen is a necessary precursor
for chitin formation. This possibility, as discussed by Travis (1955a), has been
suggested by Verne (1924, 1926), Mataczynska-Suchcitz (1948), Renaud (1949),
Travis (1951a, 1955a) and Schwabe et al. (1952). Glycogen may likewise serve as
a ready energy-source for the synthesis and elaboration of the organic constituents
of the integument. This possibility has been suggested by Bradfield (1951). He
found an abundance of glycogen in regenerating epidermis of the vertebrates. As
the outermost cells keratinized, glycogen disappeared. He attributed this disap-
pearance to the utilization of glycogen for the supply of energy in keratin synthesis.
Glycogen may further serve indirectly as added substrate for phosphatase action
after its hydrolysis and phosphorylation by phosphorylases. In this way, it has
been postulated as one of the necessary mechanisms in calcification of bone and
teeth of vertebrates (Robison and Soames, 1924 ; Harris, 1932 ; Glock, 1940 ; Horo-
witz, 1942; Engel, 1948; Marks and Shorr, 1950 and others). It is more likely,
however, that glycogen participates in all of these functions and possibly others
that have not been mentioned.

During the entire postmolt observation period (Stage A and D), alkaline phos-
phatase is heavily concentrated in the distal ends of the outer epidermal cells and
is observed in the integument immediately distal to but paralleling the epidermis.
The localization of the enzyme in this latter site is distinctly apparent by the first
day following molt before any calcification begins in the branchial region of the
integument. Krugler and Birkner (1948) noted a similar localization of the
enzyme in the integument of the crayfish during premolt. In Panulirus this is a
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strategic location for the enzyme during the postmolt period because it is in a
region of high activity as the deposition and hardening of the post-exuvial layers
occur. Further, it would appear that the enzyme may be specifically localized in
the proximal portions of the pore canals. Because of its heavy concentration
along this entire region of the integument, however, its specific localization in the
pore canals is difficult to determine with certainty. The enzyme is likewise heavily
concentrated in the integument around newly developing bristles. In the sub-epi-
dermal tissues it is observed in the reserve cells.

In the hepatopancreas the most marked localization of the enzyme is seen around
the innumerable calcospherites in the distal portions of the absorption cells. The
enzyme is observed in the striated borders of these cells and on the sixth and seventh
day, when a predominance of secretory cells is evident, it is observed at the periph-
ery of small and large vacuoles. The reserve cells within the blood or tissue
spaces between the tubules of the hepatopancreas likewise show the presence of the
enzyme.

As in the premolt animal, phosphatase is localized around the calcospherites in
the absorption cells of the hepatopancreas and since these disappear progressively as
calcification of the post-exuvial layers occurs, it is possible that the enzyme par-
ticipates in the mobilization of this reserve for transfer to the integument. It may
do so by dephosphorylating, in some way, the precipitated complex. In this role,
it would be serving in resorption at this site and could at the same time be involved
in mediating the synthesis of other phosphoric esters to be conveyed via the blood
from the hepatopancreas to the integumental tissues. That this indeed may be an
important function of phosphatase in bone resorption has been suggested by McLean
and Urist (1955). Further, its localization around the periphery of small and large
vacuoles on the sixth and seventh day would suggest that the enzyme is possibly
involved, in some way, with the synthesis of secretory products or the transfer of
these products from the adjacent cytoplasm into the secretory vacuoles. Phospha-
tase localization at the striated borders of the absorption, as well as the secretory,
cells would suggest that when these cells are active the enzyme would likewise serve
the function of participating in transfer reactions by producing molecules which
enter or leave the cells more readily. Such a function has been suggested by Moog
(1946).

The concentration of the enzyme at the distal ends of the outer epidermal cells
and in the integument immediately distal to, but paralleling, the epidermis suggests
its extremely important functions in the deposition and hardening of the post-
exuvial layers. The periodic accumulation and utilization of glycogen by the epi-
dermis, as was pointed out earlier, would suggest that possibly this constituent, gly-
cogen, is used as a precursor in chitin formation. If this is so, and if the synthesis
of chitin occurs, as Renaud (1949) suggested, by the hydrolysis of glycogen and
dephosphorylation of glucose phosphate to glucose, this step being followed by sub-
sequent steps to yield chitin, phosphatase would play an important role in this chain
of events by its dephosphorylation of glucose phosphate to glucose, a possible start-
ing point for chitin formation. Likewise, if glycogen were used as an energy-
source for the synthesis and elaboration of the organic matrix, phosphatase would
be intimately involved in these reactions. Glycogen, as suggested earlier, could
serve indirectly as added substrate for phosphatase action. The distribution of
phosphatase and mucopolysaccharide in the epidermis and its distribution in the
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region of the newly forming post-exuvial layers of the integument, immediately
above the epidermis, suggests that it may play a very important part in the forma-
tion of the ground substance (mucopolysaccharide) of the post-exuvial layers.
Furthermore, the enzyme is thought to play an important role in the manufacture
“of fibrous proteins, thus participating in the formation of the ground substance of
bone (McLean and Urist, 1955). Moog and Wenger (1952), however, have sug-
gested that since the enzyme and mucopolysaccharide are frequently found together
in fibrous structures, the mucopolysaccharide constitutes part of a cytoskeletal
mechanism to which the enzyme is bound.

The appearance of alkaline phosphatase in the integument immediately distal to
and paralleling the epidermis one day before calcification begins, likewise suggests
to the author that the enzyme is intimately involved in calcification of the integu-
ment. In such a localization it could provide a mechanism for the production of a
local high concentration of phosphate ions. In the presence of calcium ions, trans-
ferred across the cell membranes of the epidermis, phosphate could then unite to
form the calcium salt, calcium phosphate, which constitutes about 3% of the total

TaBLE [

Analyses to indicate the amount of mineral and organic matter in the entire
area of softening of a late Stage C animal

Substance Per cent present in the Calculated 9% of
analyzed area of softening salts present
CaO 24.64 CaCO; 4239
MgO 1.98 MgCO; 4.04
P05 1.40 Ca;(POy)- 3.05
CO. 21.39 Carbonates

unaccounted for 2.22
Per cent mineral as Ca,
P, and Mg oxides 28.02
Per cent organic matter 71.98

mineral salt of the integument (Table I). The almost certain presence of phos-
phorylases at these sites, although not specifically determined, would likewise be
expected to be important in the calcification of the integument, by synthesizing po-
tential substrates for phosphatase action in zones of calcification.

Hardening of the crustacean skeleton occurs by quinone tanning and calcification.
Hardening by quinones is a result of the oxidation of polyphenols to quinones,
which form cross linkages with the native protein of the cuticle. The net result of
this combination is a highly stable and highly insoluble product. Of the pre-
exuvial layers, the epicuticle of Carcinus maenas is hardened by quinones shortly
after its formation, whereas subsequent hardening of the pigmented layer occurs
soon after molt (Krishnan, 1951). As was suggested in a previous section of the
discussion, changes in tinctorial properties of the pigmented layer suggest that the
process of hardening by quinones is complete by the fifth day following molt.
Quinone tanning, although the primary cause of hardening in the exoskeleton of
insects, plays a much smaller role in Crustacea (Dennell, 1947), calcification being
the major cause of hardening.
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Calcification begins on the second day following molt in Panulirus and occurs
thereafter simultaneously with or immediately accompanying the elaboration of
layers of the principal zone. Further, the additional task posed to the epidermis
is that of calcifying the pre-exuwial layers; calcification, in this case, is of course a
process that is accomplished long after their formation but during the same time
at which the post-exuvial layers are being calcified.

In the distal region of the epidermal cells, where calcium becomes most heavily
concentrated, extrusion of calcium from this tissue occurs in two distinct ways
(Travis, 1951a, 1951c). As the post-exuvial layers are deposited, masses of cal-
cium granules are simultaneously extruded, thus forming narrow bands paralleling
the epidermis. In the pre-exuvial layers, on the other hand, calcium granules are
observed in uniform vertical rows. These rows, as pointed out earlier, are particu-
larly evident in the pigmented layer, and are likewise observed to emanate from the
epidermis. They correspond in location to the pore canals or vertical striae, proto-
plasmic extensions of the epidermis. Thus, in the case of the pre-exuvial layers,
calcification occurs after their formation. Hence, calcium must be transported and
deposited some distance from the newly forming pre-exuvial layers. This trans-
port occurs through the pore canals, thus enabling the epidermis to act at these
distant sites.

Calcification of the integument continues and is almost entirely completed by
the seventh day (end of Stage B) in the epicuticle and most of the pigmented layer.

While calcification of the integument occurs, the reserve cells in the sub-
epidermal tissues undergo what appear to be cyclic peaks in calcium storage, pos-
sibly alternating with cyclic release to the epidermis. If calcium in these cells is
used periodically by the epidermis, which it probably is, the reserve cells could serve
as reservoirs for providing additional calcium during periods of concentration by
the epidermis. At no time during Stage A and B, however, are the epidermal cells
depleted of calcium. This might be expected bhecause the concentration of calcium
in the blood (Travis, 1951h, 1955b) is sufficiently high to provide a continued sup-
ply of this element to the epidermis. Previous reference to the reserve cells has
already been made as to their cyclic peaks and declines in abundance and size,
change in structural appearance and in the binding and release of reserves, other
than calcium (see Observations) and will not therefore be discussed in this section.

As calcification of the integument occurs there is a progressive decrease in num-
ber of calcospherites—spherules of calcium phosphate—present in the absorption
cells of the hepatopancreas. Though abundant on the first day following molt they
progressively decrease in number as calcification of the new integument occurs and
by the seventh day hardly a single calcospherite is to be detected. The calcospher-
ites, premolt storage depots of reserve phosphate from the old skeleton (Travis,
1955a), represent a major source, therefore, from which phosphate can be mobilized
for hardening of the new skeleton during Stage B, a time at which the animals do
not feed. Since the spiny lobster obtains most of its phosphorus from food and
since the animals do not feed for two weeks before molt, when resorbed phosphorus
from the old skeleton is being stockpiled in the hepatopancreas (Travis, 1955),
one would expect a depletion of this mineral reserve during the first week following
molt as calcification of the new integument occurs. This depletion is also evidenced
by the low blood-phosphorus levels following molt (Travis, 1955b).

It is interesting that the reserve cells of the hepatopancreas show the presence
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of calcium from one through seven days following molt but from the fifth through
the seventh day little is apparent. The fifth through the seventh day is a period
when these cells become vacuolated, which may be correlated with the apparent de-
crease in mucopolysaccharide, lipid and calcium. It is possible that as the calcium
phosphate is mobilized from the calcospherites it is immediately transferred from the
absorption cells to the reserve cells and from these to carriers in the blood, possibly
organic acids of oxidative and glycolytic metabolism. The evidence at hand, how-
ever, is not sufficient at this time to determine whether there is an actual movement
of the reserve cells from the hepatopancreatic tissues to the integumental tissues.

Little has been said about the development and hardening of the inner integu-
ment during Stages A and B. It will be recalled that glycogen is observed in
abundance at the bases of the epidermal cells of the inner integument on the first
day following molt (Stage A) but completely disappears from the inner epidermis
by the second day, not to be observed again at this site for the entire observation
period. Similarly, no further thickening of this integument occurs after the second
day following molt, indicating that the development of the inner integument of the
branchiostegites is completed during a period of three days preceding molt and two
days following molt (Travis, 1955a). This does not mean, however, that harden-
ing by calcification is completed at this time. Calcification of the inner integument,
as in the pre-exuvial layers of the outer integument, occurs after its formation. By
the fourth day the uniformly staining endocuticle of the inner integument has begun
to calcify and by the seventh day portions of it have completely calcified. Calcifica-
tion in the inner integument occurs in the same fashion as that observed in the pre-
exuvial layers of the outer integument, 7.e., via the port canals.

The two major tasks which must be achieved by the epidermis, namely, the
synthesis and elaboration of an organic matrix and the simultaneous or accompany-
ing elaboration of calcium salts for hardening of the newly developing skeleton, are
not completely accomplished before the fourth week following molt during the sum-
mer months. Calcification is probably completed by the third week following molt,
a time at which the membranous or non-calcified layer begins to be formed. This
layer is not fully completed before the fourth week following molt (late Stage C or
C, of Drach, 1939). Approximately three weeks following the completion of the
integument the epidermis is again confronted with the preparation for growth in
size of the animal (Travis, 1955a).

The cells of the epidermis, like the osteoblasts of bone, synthesize and elaborate
the organic matrix of the skeleton and, unlike the osteoblasts of bone, they actually
concentrate and secrete the mineral constituents, principally calcium, which are pre-
cipitated in the matrix. Furthermore, the epidermis, like the osteoclasts of bone,
participates intimately in processes of resorption of the integument. It elaborates
the proteinases and chitinases which break down the organic matrix. It likewise
resorbs these organic breakdown products along with the mineral constituents and
also participates in their transfer across its cell membranes to the blood for further
handling (Travis, 1955b).

Following molt the transfer of calcium ions from the blood across the cell mem-
branes of the epidermis and the concentration of calcium by this tissue is truly re-
markable. Within the epidermal cells, the calcium is doubtlessly immobilized ion-
ically by the binding capacity of weakly acidic groups of protein, succinate, lactate,
bicarbonate, phosphate, citrate or by other anionic groups. On release of calcium
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to the exterior of the cell, an alteration in the binding capacity of anionic groups is
necessary. After release from the epidermis, calcium is precipitated as salts, by
various mechanisms, in the organic matrix of the integument.

The distribution of alkaline phosphatase in the distal portion of the epidermis
and particularly in the integument immediately distal to and paralleling the epider-
mis suggests that this enzyme would provide a mechanism for the local high con-
centration of phosphate ions, which in the presence of some of the calcium released
from the epidermis could account for the precipitation of the 3% calcium phosphate
of the integument (Table I).

Calcium carbonate, however, is the principal salt of the spiny lobster skeleton,
and Crustacea in general, and constitutes approximately 42% of the total mineral
deposited in the skeleton of Panulirus. 1t is, therefore, of interest to point out a
related and possibly important enzyme involved in calcification of the skeleton.
This is the enzyme, carbonic anhydrase. Sabotka and Kann (1941) found that
this enzyme was not present in the gills of Panulirus argus. Because of this, they
suggested that elimination of CO, is not confined to the gills, but that the bhicarbon-
ate formed may be eliminated in the skeleton by precipitation as CaCO,. Maluf
(1940) found that considerable quantities of carbonic anhydrase were present in
the epidermis and skeleton of the crayfish, Cambarus clarkit and the American lob-
ster, Homarus americanus. The fact that alkaline phosphatase is found in the dis-
tal ends of the epidermal cells and integument immediately above and paralleling
the epidermis would suggest that the hydrogen ion concentration is low and the pH
is on the alkaline side (between 8-10). At this pH, dissociation of bicarbonate into
CO,” and H* would be expected. In the presence of calcium ions released from the
epidermis, the precipitation of calcium carbonate could occur. Thus, again the
mechanism and conditions exist for the production of local high concentrations of
bicarbonate and carbonate ions in the epidermis and integument of Crustacea.

The manner in which calcium carbonate is precipitated, 7.e., as calcite rather
than aragonite or amorphous calcium carbonate, is undoubtedly determined by con-
ditions inherent in the organic matrix which favor calcite precipitation. Prenant
(1927), however, pointed out that the condition determining the state of calcium
carbonate precipitation is the proportion of phosphates to carBonates, as indicated
by the P,O,/CO, ratio. If the ratio is more than 0.015, calcium carbonate is de-
posited in amorphous form. If the ratio is 0.105 or less, the calcium is deposited
in crystalline form. The P,O,/CO, ratio in Panulirus is 0.0657. Calcium carbon-
ate in Panulirus is precipitated as calcite, which is consistent with the idea proposed
by Prenant. This would not mean, however, that conditions in the organic matrix
do not favor calcite, rather than aragonite, precipitation.

That the calcification mechanism in Panulirus may be influenced by the presence
of organic acids such as lactic, succinic, and citric acid at the sites of calcification
has yet to be investigated. These acids have a marked propensity for forming
weakly ionized salts with calcium. Tt is highly likely, therefore, that, as in the cal-
cification of bone, citric acid plays an important role in the calcification mechanism
of Crustacea. It is known from the work of Dickens (1941) that more than 70%
of the citric acid of the human body is in the skeleton and that as much as 1% of
the fresh weight of bone may be accounted for as citrate. It is not definitely known
whether citrate is present as an ion or precipitated as a calcium citrate complex.
Bones examined for enzymes of the citric acid cycle have shown that by comparison
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with other tissues, such as the kidney or liver, citrogenase and aconitase activities
are much greater than those of isocitric dehydrogenase (McLean and Urist, 1955).
As these authors point out, the mechanism for the production of local high concen-
trations of citric acid exists in bone. Other than the work of Thunberg (1949),
however, as quoted from Thunberg (1953) and Steinhardt (1946), nothing has
been done with the role of citric acid in the calcification process of the Crustacea.
Thunberg found that at least 0.8% of the gastroliths of a European crayfish was
constituted of citric acid. This would suggest strongly that citric acid is involved,
as in bone, in some way in the calcification process. Steinhardt (1946) has further
pointed out that in structures such as bone and gastroliths, where high concentra-
tions of citric acid are found, the phosphorus and calcium content is also high. In
such cases, citrate probably exists in a complex form in which calcium, phosphoric
and citric acid enter.

It is highly likely, therefore, that within the integument of Crustacea, as in the
gastroliths of the crayfish, the mechanism for the production of local high concen-
trations of citric acid exists. If so, the citrate produced, having a marked propen-
sity for forming weakly ionized salts with certain cations such as calcium, could
combine with calcium released from the epidermis and could enter into the mineral
complex of calcium salts of the integument. If this is the case, increases and de-
creases of citrate formed enzymatically within tissues may be one of the regulators
of ionic calcium activity. Furthermore, in normal metabolism, the normal activity
of tissues may be controlled, in part, by the interaction of ionic calcium with citrate
reached via the tricarboxylic cycle. Such a possibility has been suggested for
the mammal by Peters (1950).

It is apparent irom the foregoing discussion that the continued growth of the
skeleton in an accretionary manner and the hardening of it by calcification, two of
the major tasks confronting the crustacean from Stage A to late Stage C, are indeed
complex. Although these extraordinary duties are put to the epidermis, which
takes the lead in the performance of them, the importance of the other tissues, namely
the hepatopancreatic and sub-epidermal tissues, should not be under-estimated.

SUMMARY

1. During the early postmolt period (Stages A and B) as rapid accretionary
growth and calcification of the skeleton are occurring, changes are observed in the
hepatopancreas and integumental tissues.

2. As the principal layer of the skeleton in Panulirus is deposited during Stage
A and B, the outer epidermis concentrates or synthesizes a considerable amount of
glyco- or mucoprotein, which is probably related to and involved in the secretion
and development of this layer. Similarly, the pigmented layer, one of the pre-
exuvial layers formed before molt. shows the presence of this same mucopolysac-
charide. Near the end of Stage B, however, the properties of the basic organic
components in the pigmented laver have heen altered, possibly by considerable im-
pregnation with calcium salts or by quinones.

3. During the deposition of the principal layer of the outer integument, glycogen
accumulates in large amounts in the epidermis. There is a periodic shift of gly-
cogen from the sub-epidermal tissues to the outer epidermis and in turn a shift
from the hepatopancreatic tissues to the integumental tissues. During this period
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of accumulation and utilization by the integumental tissues (Stages A and B),
hepatopancreatic glycogen progressively disappears and by the end of Stage B
none remains.

4. The possibility of lipid conversion to carbohydrate, and the storing of this as
glycogen in the hepatopancreas during Stage D, is discussed. The utilization of
glycogen by the epidermis during Stages A and B, periods of inanition, is also
discussed.

5. During Stages A and B alkaline phosphatase is heavily concentrated in the
distal ends of the outer epidermal cells. It is observed in the integument in the
region of the proximal portions of the pore canals, even before calcification begins.
This is a region of high activity as deposition and hardening of the post-exuvial
layers occurs. The enzyme is likewise found in the reserve cells of the sub-
epidermal cells. In the hepatopancreas, the most marked localization of the enzyme
is seen around the innumerable calcospherites in the absorption cells and in the
striated border of these cells. The reserve cells of the hepatopancreas likewise show
the presence of the enzyme. Functions of phosphatase in these sites are suggested.

6. Calcification begins the second day following molt and occurs thereafter si-
multaneously with, or immediately accompanying, the elaboration of layers of the
principal zone. Calcification of the pre-exuvial layers, formed before molt, is a
process accomplished long after their formation but during the same period at
which the post-exuvial layers, formed after molt, are being calcified.

Calcium, heavily concentrated in the distal region of the epidermal cells, is ex-
truded from this tissue in two distinct ways. As the post-exuvial layers are de-
posited, masses of calcium granules are simultaneously extruded, thus forming nar-
row bands paralleling the epidermis. In the pre-exuvial layers, on the other hand,
calcium granules are observed in uniform vertical rows which emanate from the
epidermis. These vertical rows of calcium granules correspond in location to the
pore canals. Since calcification of the pre-exuvial layers occurs after their forma-
tion calcium must be transported and deposited some distance from the newly form-
ing post-exuvial layers. This transport occurs through the pore canals, protoplas-
mic extensions of the epidermis, thus enabling this tissue to act at these distant sites.

7. While calcification of the integument occurs, the reserve cells in the sub-
epidermal tissues undergo what appear to be cyclic peaks in calcium storing alter-
nating with cyclic release to the epidermis. The reserve cells in this capacity could
serve as reservoirs for providing additional calcium during periods of concentration
by the epidermis. Furthermore, these interesting reserve cells, during the early
postmolt period (Stages A and B), undergo at daily intervals, cyclic peaks and de-
clines in size and abundance, changes in structural appearance, and staining prop-
erties and the storing of reserves other than calcium. The mucopolysaccharide ma-
terial, either muco- or glycoprotein, in the reserve cells disappears near the latter
part of Stage B. This indicates a decrease in the concentration of the material and
suggests that the mucopolysaccharide stored by the reserve cells represents reserve
material for the construction of the new skeleton.

The reserve cells of the hepatopancreas, like those of the integumental tissues,
undergo during the early postmolt period (Stages A and B) cyclic peaks and de-
clines in number, size and the storing and apparent release of reserves. They simi-
larly show the presence of phosphatase, mucopolysaccharide, calcium and much
lipid. .
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8. As calcification of the integument occurs there is a progressive decrease in
number of calcospherites—spherules of calcium phosphate—present in the absorp-
tion cells of the hepatopancreas. These calcospherites, abundant preceding molt
and on the first day following molt, progressively decrease in number as calcifica-
tion of the new integument occurs and by the seventh day (end of Stage B) hardly
a single calcospherite can be detected. The calcospherites, premolt storage depots
of reserve phosphate from the old skeleton, probably represent a major source from
which phosphate can be mobilized for hardening of the new skeleton during Stage
B, a time at which the animals do not feed.

9. Development of the inner integument of the branchiostegites is completed in
Panulirus during a period of three days preceding molt and two days following molt.
Calcification of the inner integument, as in the pre-exuvial layers of the outer in-
tegument, occurs after its formation via the pore canals, and portions of this integu-
ment are completely calcified by the seventh day following molt (end of Stage B).

10. Calcium carbonate, the principal salt of the spiny lobster skeleton, constitutes
approximately 42% of the total mineral deposited and is precipitated in the organic
matrix as calcite, rather than aragonite or amorphous calcium carbonate.

11. The roles of carbonic anhydrase and citric acid in the calcification of the
integument of Crustacea are discussed.

12. Continued accretionary growth of the skeleton and the hardening of it by
calcification are two major tasks confronting the crustacean from Stage A to late
Stage C. Although the epidermis takes the lead in the performance of these duties,
the importance of the other tissues, namely the hepatopancreatic and sub-epidermal
tissues, should not be under-estimated.

LITERATURE CITED

BensLEy, R. R., anp S. H. BensLEy, 1938. Handbook of histological and cytochemical tech-
nique. University of Chicago Press, Chicago.

Brank, H, anp P. L. McCartay, 1950. A general method for preparing histologic sections
with a water soluble wax. J. Lab. Clin. Med., 36: 776-781.

BravrieLp, J. R. G., 1951. Glycogen of vertebrate epidermis. Nature, 167: 40-41.

CamEeron, G. H., 1930. The staining of calcium. J. Path. Bact., 33 : 929-955.

Cufnor, L., 1893. Ttudes physiologiques sur les crustacés décapods. Arch. de Biol., 13:
245-303.
DENNELL, R, 1947. The occurrence and significance of phenolic hardening in the newly formed
cuticle of Crustacea decapods. Proc. Roy. Soc. London, Ser. B, 134: 485-503.
Dickens, F.,, 1941. The citric acid content of animal tissues, with reference to its occurence in
bone and tumor. Biochem. J., 35: 1011-1023.

DracH, P., 1939. Mue et cycle d'intermue chez les crustacés décapods. Ann. Inst. Oceanogr.,
19: 103-391.

Encer, M. B,, 1948. Glycogen and carbohydrate-protein complex in developing teeth of the rat.
J. Dent. Res., 27 : 681-692.

Grock, G. E, 1940. Glycogen and calcification. J. Physiol., 98: 1-11.

Gomorl, G., 1941. The distribution of phosphatase in normal organs and tissues. J. Cell. Comp.
Physiol., 17 : 71-83.

Hagrris, H. A., 1932. Glycogen in cartilage. Nature, 130: 996-997.

Haworta, W. N, 1946. The structure, function and synthesis of polysaccharides. Proc. Roy.
Soc. London, Ser. A, 186: 1-19.

HirscH, G. C., aND W. Jacoss, 1928. Der Arbeitsrhythmus der Mitteldarmdriise von Astacus
leptodactylus. Part 1. Der Bewise der Periodzitit. Zeitschr. wergl. Physiol., 8:
102-144.



478 DOROTHY F. TRAVIS

HirscH, G. C., AND W. Jacoss, 1930. Part II. Wachstum als primarer Faktor des Rhythmus
eines polyphasischen organigen Sekretions-system. Zeitschr. wergl. Physiol,, 12:
524-558.

Horowirz, N. H., 1942, Histochemical study of phosphatase and glycogen in fetal heads. J.
Dent. Res., 21: 519-527.

KrisunaN, G., 1951, Phenolic tanning and pigmentation of the cuticle in Carcinus maenas.
Quart. J. Micr. Sci., 92: 333-342.

KRrUGLER, O. E., axnp M. L. BirkNER, 1948. Histochemical observations of alkaline phosphatase
in the integument, gastrolith sac, digestive gland and nephridium of the crayfish.
Physiol. Zool., 21: 105-110.

KUKENTHAL, W., 1926-1927. Handbuch der Zoologie, 3: 848-849, 838-889.

Leg, B., 1946. The microtomist’s vademecum. 10th edit. P. Blakiston’s Son & Co., Inc.,
Philadelphia.

LiLig, R. D., 1948. Histopathologic technic. The Blakiston Co., Philadelphia.

Lison, L., 1953. Histochimie et cytochimie animales. Principes et méthodes. Deuxiémé édi-
tion. Gauthier-Villars, Editeur. Paris.

Maraczy&ska-SucHcrrz, Z., 1948. Glycogen in the tegumental tissues of the crayfish (Pota-
mobius astacus L.). Bull. de 'Acad. des Polon. des Sciences et des Lettres., Sci. Nat.,
Ser. B, I1: 23-41.

MavrLory, F. B, 1942, Pathological technique. W. B. Saunders Co., Philadelphia.

Marur, N. S. R, 1940. The uptake of inorganic electrolytes by the crayfish. J. Gen. Physiol.,
24: 151-167.

Manicaurt, P., 1939. Recherches sur le calcaire chez les mollusques. Phosphatase et pre-
cipitation calcique. Histochimie du calcium. Aun. de Inst. Oceanogr., 18: 331-425.

Marks, P. A., AnD E. SHORR, 1950. A method for evaluating the relation of glycogen to in-
organic salt deposition in surviving cartilage slices in vitro. Science, 112: 752-754.

McLEean, F. C,, axp M. R. Urist, 1955. Bone. An introduction to the physiology of skeletal
tissue. University of Chicago Press, Chicago.

Moog, F., 1946. The physiological significance of the phosphomonesterases. Biol. Rev., 21:
41-59.

Moog, F., AND ELEaNor L. WENGER, 1952, The occurrence of a neutral mucopolysaccharide at
sites of high alkaline phosphatase activity. Amer. J. Anat., 90: 339-377.

PEearsg, A. G. E, 1953. Histochemistry theoretical and applied. Little Brown and Co., Boston.

PetERS, R. A, 1950. A discussion of the action of local hormones. Proc. Roy. Soc. London,
Ser. B, 137: 297-300.

PreNANT, M., 1927. Les formes minéralogiques du calcaire chez les etres vivants, et le prob-
bléme de leur detérminism. Biol. Rev., 2: 365-393.

Pryor, M. G. M, 1940. On the hardening of the cuticle of insects. Proc. Roy. Soc. London,
Ser. B, 128: 393-407.

RENAUD, LUCIENNE, 1949. Le cycle des réserves organiques chez les crustacés Décapodes.
Ann. Inst. Oceanogr., 24 : 260-357.

RicuArps, A. G., 1951, The integument of arthropods. Univ. of Minnesota Press, Minneapolis.

Rosison, R, anp K. M. Soames, 1924, The possible significance of hexose phosphoric esters
in ossification. Biochem. J., 18: 740-755.

Sasotka, H., anp S. KanN, 1941. Carbonic anhydrase in fishes and invertebrates. J. Cell.
Comp. Physiol., 17: 341-348.

Scawagg, C. W, B. T. ScHEer AND M. A, R, ScHEEr, 1952. The molt cycle in Panulirus
japonicus. Part II of the hormonal regulation of metabolism in crustaceans. Physiol.
Comp. et Oecol., 2: 310-320.

Scorr, G. H.,, 1933. The localization of mineral salts in cells of some mammalian tissues by
microincineration. Amer. J. Anat., 53: 243-287.

SeweLL, M. T., 1955. Lipo-protein cells in the blood of Carcinus maenas, and their cycle of
activity correlated with the moult. Quart. J. Micr. Sci., 96: 73-83.

Stacy, D. M., 1943. Mucopolysaccharides and related substances. Chem. Ind., 62: 110-112.

STEINIIARDT,;;.I, égié The biological system : calcium-phosphate-citrate. Acta Physiol. Scand.,
12: -334.

TrHUNBERG, T., 1953. Occurrence and significance of citric acid in the animal organism. Phys-
1ol. Rev., 33: 1-12,




TRrAVIS,
TrAvIs,
TRAVIS,
TRrAvVIs,

TRrAvIs,

TRAVIS,

HISTOCHEMISTRY OF POSTMOLT LOBSTERS 479

Dorotry F., 1951a. Calcium metabolism in the decapod Crustacea. Thesis for Ph.D.
degree, Radcliffe College.

Dorotay F., 1951b. Physiological changes which occur in the blood and urine of
Panulirus argus Latreille during the molting cycle. Anat. Rec., 111: 157,

DorotrY F., 1951c. Early stages in calcification of the skeleton of Panulirus argus
Latreille. Anat. Rec., 111: 124,

Dorotuy F., 1954. The molting cycle of the spiny lobster, Panulirus argus Latreille.
I. Molting and growth in laboratory-maintained individuals. Biol. Bull., 107 : 433-450.
Dorotry F., 1955a. The molting cycle of the spiny lobster, Panulirus argus Latreille.
II. Pre-ecdysial histological and histochemical changes in the hepatopancreas and in-
tegumental tissues. Biol. Bull., 108 : 88-112.

Dorotay I, 1955b. The molting cycle of the spiny lobster, Panulirus argus Latreille.
II1. Physiological changes which occur in the blood and urine during the normal molt-
ing cycle. Biol. Bull.,, 109: 484-503.

TriM, A. R, 1941. Studies in chemistry of the insect cuticle. I. Biochem. J., 35: 1088-1098.
Van WEEL, P. B, 1955. Processes of secretion, restitution and resorption in gland of mid-gut

(Glandula media intestini) of Atya spinipes Newport (Decapoda-Brachyura). Physiol.
Zool., 28: 40-54.

VERNE, J., 1924. Note histochimique sur le métabolism dur glycogéne pendant la mue chez les

Crustacés. C. R. Soc. Biol., 90: 186-188.

VERNE, J., 1926. L’edification de la carapace chitneuse chez les crustacés Décapodes. C. R.

Assoc. Anat., 21; 551-556.



